signaling. Taken together, we propose that the "pachytene checkpoint" operates on the basis of DNA damage signaling pathway and that extensive asynapsis leads to oocyte loss by inhibiting HR repair rather than triggering a distinct "synapsis checkpoint".
Genetic and developmental analyses of mouse mutants have suggested there are at least two distinct checkpoints during meiotic prophase I in oocytes, one that monitors DSB repair, and another that monitors synapsis. Oocytes defective for either synapsis or DSB repair are eliminated with different dynamics and severity. Females with mutations causing pervasive asynapsis alone (e.g. Spo11 -/-) are born with a severely reduced oocyte pool. The surviving oocytes undergo folliculogenesis but are reproductively inviable, becoming exhausted within a few weeks by atresia and ovulation 1 . Oocytes defective in DSB repair alone (Trip13 Gt/Gt ), or defective in both synapsis and meiotic DSB repair (e.g. Dmc1 -/-; Msh5 -/-), are virtually completely eliminated between late gestation and wean age by the action of a DNA damage checkpoint 1, 2 . Furthermore, genetic ablation of meiotic DSB formation confers a
Spo11
-/--like phenotype to such DSB repair mutants, consistent with the existence of separate DNA damage and synapsis checkpoints [1] [2] [3] [4] . For DSB repair, CHK2 (checkpoint kinase 2) signaling to TP53/TAp63 is required to eliminate Trip13 Gt/Gt mutant oocytes that exhibit full chromosome synapsis but have unrepaired SPO11-induced DSBs 5 .
Interestingly, Chk2 deficiency imparted a Spo11 null-like phenotype upon Dmc1 -/-ovaries, consistent with separate, sequentially-acting checkpoints 5 . Genetic evidence for a distinct synapsis checkpoint came from studies of mice lacking HORMAD1 or HORMAD2, proteins which load onto axes of meiotic chromosomes throughout early prophase I, but are removed upon synapsis 6 . Ablation of either in mice prevented loss of SPO11-deficient oocytes, resulting in the persistence of a [nonfertile] primordial follicle reserve in adults [7] [8] [9] . These data suggested that the HORMADs are components of a synapsis checkpoint pathway. signaling. Taken together, we propose that the "pachytene checkpoint" operates on the basis of DNA damage signaling pathway and that extensive asynapsis leads to oocyte loss by inhibiting HR repair rather than triggering a distinct "synapsis checkpoint".
RESULTS

CHK2 is required for efficient elimination of Spo11 -/-oocytes
To investigate potential overlap in the meiotic DSB repair and synapsis checkpoint pathways in mice, we tested whether CHK2, a well-defined DSB signal transducer, contributes to the elimination of Spo11 -/-oocytes that are asynaptic due to lack of programmed meiotic DSBs needed for recombination-driven homolog pairing.
Consistent with prior reports 1,15 , we observed a greatly reduced number of total follicles in 3 week postpartum (pp) Spo11 -/-ovaries compared to WT, and in particular, the oocyte reserve (pool of primordial resting follicles) was almost completely exhausted by 8 weeks of age ( Fig. 1) . Surprisingly, Chk2 deletion dramatically rescued the oocyte reserve (Fig. 1a,b) , albeit not to WT levels. The rescued follicles in double mutant females persisted robustly at least until 6 months pp (in one case, 554 total in a single ovary). 31 . We hypothesized that these DSBs occur at levels sufficient to trigger the CHK2-dependent checkpoint in Spo11 -/-oocytes, but that in the absence of HORMAD2 there is sufficient DSB repair to prevent checkpoint activation.
HORMAD2 deficiency prevents elimination of
To test this, we determined the threshold number of DSBs that kills WT and Chk2 -/-oocytes by exposing explanted newborn ovaries to a range of IR. RAD51 foci accumulated roughly linearly in oocytes exposed to 0.5 -9Gy (Fig. 6a) , and Chk2 -/-oocytes withstood up to 7Gy (Fig. 6b) , a dosage that induces ~73.3 RAD51 foci ( 
Discussion
Genome maintenance in germ cells is critical for fertility, prevention of birth defects, and the genetic stability of species. Throughout mammalian germ lineage development, from primordial germ cells (PGCs) through completion of meiosis, there are mechanisms that prevent transmission of gametes with genetic defects. Indeed, mutation rates in germ cells are far lower than in somatic cells [32] [33] [34] . This is reflected by the exquisite sensitivity of PGCs to mutations in certain DNA repair genes 35-37 38 , resting oocytes to clastogens such as radiation and chemotherapeutics [39] [40] [41] , and developing prophase I meiocytes to genetic defects including a modicum of DNA damage 41, 42 (Fig. 6b) or the presence of single asynapsed chromosome or even a chromosomal subregion 43, 44 . 45 .
While the oocyte "pachytene checkpoint" is distinct with respect to its cell cycle timing and its ability to monitor an event (chromosome synapsis) unique to meiosis, our intriguing question is whether the production of these SPO11-independent DSBs, whatever their origin, evolved as a contributory mechanism for genetic quality control. It is also conceivable that the extended presence of HORMADs themselves contributes to spontaneous DSB formation, possibly as a "last ditch" mechanism to drive pairing or synapsis in chromosomes devoid of sufficient interhomolog recombination events.
The late appearance and highly variable number (Fig. 6c) because not only are fewer DSBs formed, but also IS recombination is more active.
Our results add to increasing evidence that IS recombination, and modulation thereof, is critically important in mammalian meiosis. As discussed in the text, the HORMADs and SC axial element structure appear to inhibit IS repair of meiotic DSBs, thus allowing IH recombination to drive homolog pairing and synapsis. However, as synapsis progresses and the SC is formed, the HORMADs are removed and presumably IS recombination can occur. Since not all RAD51 foci disappear by pachynema when synapsis is complete (for example, see Fig. 4b ), it is possible that these DSBs are destined for, or normally repaired by, IS recombination. We speculate that the persistent unrepaired DSBs on synapsed chromosomes of Trip13 mutants, which retain HORMADs on their SCs, may actually constitute that fraction of SPO11-induced DSBs (an average of ~65/oocyte nucleus; Fig. 4 ) that would normally be repaired by IS recombination. If so, this represents a major fraction of all meiotic DSBs (~200-300) formed in mammalian meiocytes.
In trying to decipher the quality-control mechanisms functioning during meiosis, it is important to recognize that experimental studies such as those performed here employ mutants with pervasive, non-physiological levels of defects. Meiocytes in wild-type individuals would have less extreme genetic defects. For oocytes, two reports have provided insightful information in this regard 10, 48 . These studies found that in oocytes bearing a small number (1-3) of asynapsed chromosomes, arising spontaneously in WT mice (both studies), from mutations 48 , or from breeding-induced aneuploidies 10 , that those asynapsed chromosomes underwent transcriptional silencing (MSUC) during pachynema (characterized by BRCA1-induced phosphorylation of H2AX, lack of Pol II binding, and ubiquitination of H2A), leading to elimination at the diplotene stage.
Compelling evidence that the silencing of essential meiosis or housekeeping genes on these chromosomes was responsible for the oocyte elimination, rather than a canonical checkpoint, came from the finding that MSUC of supernumerary chromosomes did not lead to oocyte demise 10 . However, Kouznetsova and colleagues found that MSUC was compromised in oocytes with more than 2-3 unsynapsed chromosomes, presumably due to a limiting amount of BRCA1 48 . This is seemingly difficult to reconcile with the phenomenon of "pseudo sex body" formation in a substantial fraction of Spo11 -/-meiocytes, in which a small number of asynapsed autosomes undergoes apparent MSUC in a manner analogous to MSCI of the XY (sex) body 49 . Formation of pseudo sex bodies in Spo11 -/-oocytes is dependent upon HORMADs 7, 16 , leading to the proposal that this is involved in oocyte elimination 9 . However, it would seem that unless the chromosomal region(s) affected in a pseudo sex body in an oocyte are haploinsufficient (individually or collectively so), or both alleles happen to be simultaneously silenced in an oocyte, this manifestation of MSUC would not likely affect a large fraction of completely asynaptic oocytes. Furthermore, since CHK2 deficiency rescues Spo11 -/-oocytes but doesn't abolish HORMAD localization ( Supplementary Fig.   1 ) or pseudo sex body formation (not shown), this contradicts the idea that MSUC is the "checkpoint" that leads to death of oocytes with pervasive asynapsis. Finally, because MSUC involves many components of the DNA damage response [50] [51] [52] , it is conceivable that asynapsis leading to MSUC would activate effector elements of the DNA damage checkpoint pathway, including CHK2. However, this does not appear to be the case, because (as mentioned above) silenced supernumerary chromosomes do not eliminate oocytes, MSCI does not kill spermatocytes, and asynaptic oocytes are not eliminated in a pattern typical of DNA repair mutants.
Overall, this study shows that in mice, the "pachytene checkpoint" -long thought to consist of separate DNA damage and synapsis checkpoints -actually consists of only one true checkpoint: the DNA damage checkpoint. We believe the current information supports a model (Fig. 6d ) for two major mechanisms by which oocytes with synapsis defects are eliminated: 1) MSUC, for oocytes with a small number of asynapsed chromosomes that do not accumulate unrepaired DSBs above a threshold, and in which both homologs of chromosomes bearing essential genes for meiotic progression are silenced 10 , and 2) the DNA damage checkpoint, for oocytes with multiple asynapsed chromosomes that accumulate a sufficient number of DSBs to trigger the DNA damage checkpoint (Fig. 6d) . These disparate mechanisms may have distinct purposes.
Because oocytes with only 1 or 2 unsynapsed chromosomes may not efficiently trigger the spindle assembly checkpoint (SAC) 53 , the MSUC pathway would safeguard against aneuploidy. Superficially, it would seem that because oocytes with extensive asynapsis would effectively trigger the SAC, that the DNA damage checkpoint mechanism is redundant. However, it is likely advantageous reproductively to eliminate such defective oocytes before they enter dictyate as constituents of the ovarian reserve, otherwise the fraction of unproductive ovulations (those terminated by the SAC) would increase, thus compromising fecundity. 
Figure Legends
MATERIALS and METHODS
Animals
The alleles used have been previously described and were the following: at least three mice per experimental group. The embryonic age was counted using the morning in which copulation plug was detected as being the 0.5 days post coitus (dpc).
The Cornell's Animal Care and Use Committee approved all animal usage, under protocol 2004-0038 to JCS.
Organ Culture and Irradiation
Embryonic and postpartum ovaries were cultured as previously described [6] [7] [8] , with the exception of the use of inserts with pore size of 8µm. Ovaries were irradiated in a 137 cesium irradiator with a rotating turntable. Immediately after irradiation, the media was replaced, and ovaries were cultured for indicated periods of time prior to tissue processing. All the irradiation experiments reported here were done on explanted ovaries.
Histology and Immunostaining
Ovaries were dissected and fixed in Bouin's fixative overnight. Afterwards, tissues were washed in 70% ethanol prior to being embedded in paraffin for serial sections at 6µm thickness. Ovaries were stained with Harris Hematoxylin and Eosin (H&E) and follicles counted in every fifth section except for the three-week counts reported in Figure 1b , in which every 12 th section was counted. There was no correction factor applied to the values reported. Only one ovary per animal was used.
Cultured ovaries, used for histological sections followed by immunostaining, were fixed in 4% paraformaldehyde/PBS over night at 4°C. After 70% ethanol washes, ovaries were embedded in paraffin and serially sectioned at 5µm. These ovaries were immunostained using standard methods. Briefly, slides were deparaffinized and rehydrated prior to antigen retrieval using sodium citrate buffer. Slides were blocked with 5% goat serum (PBS/Tween 20) and incubated at 4°C overnight with primary antibodies:
mouse anti-p63 (1:500, 4A4, Novus Biologicals); and rabbit anti-MVH (1:1000, Abcam).
Afterwards, sections were incubated with Alexa Fluor® secondary antibodies for one hour and Hoechst dye for 5 minutes. Slides were mounted with ProLong Anti-fade (Thermo-Fisher) and imaged.
Histological images present in the manuscript were obtained from slides digitized using a Leica Scanscope CS2.
Immunofluorescence of meiotic chromosome surface spreads
Meiotic surface spreads of prophase I female meiocytes were prepared using a drying-down technique 9 . Meiotic stages were determined based on SYCP3 staining patterns. Slides were stored at -80°C until stained. For staining, slides were brought to room temperature (RT) and washed once with PBS+0.1% Tween-20 (PBS-T). Slides were blocked for 40 minutes at RT with PBS-T containing 5% normal goat serum
